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I Did It Again
All eukaryotes use multiple controls to restrict DNA replication to once
per cell cycle. Nevertheless, inactivation of a single gene, cul-4, causes
massive re-replication inCaenorhabditis elegans. A novel study explains
this dramatic phenotype by demonstrating that the CUL-4 E3 ligase
simultaneously controls two critical licensing factors: CDT-1 and CDC-6.Jerome Korzelius
and Sander van den Heuvel
One of the most fascinating
challenges that all life forms face
is the need to maintain an intact
genome over many rounds of cell
division. Every newly formed cell
demands an accurate copy of the
genome; how can this be
achieved? DNA synthesis starts
from several hundred (in yeast) to
several hundred-thousand
(Xenopus embryos) independent
sites, known as ‘origins’, and
checkpoints that sense ongoing
replication can delay cell-cycle
progression to assure completion
[1–3]. Replication must happen
only once, as re-firing of even
a single origin may lead to gene
amplification and have dramatic
consequences. Hence, all
eukaryotes use multiple levels of
control to prevent more than one
round of DNA synthesis within
a single S phase. Despite all checks
and balances, certain single gene
mutations lead to substantial
re-replication. A recent paper in
Current Biology [4] exposes one
such gene as a true Achilles’ heel
of re-replication control: the cul-4
gene of Caenorhabditis elegans
regulates two key replication
licensing factors concurrently bytargeting CDT-1 for degradation
and indirectly promoting CDC-6
nuclear export.
The major strategy to restrict
DNA replication to once per cell
cycle is the temporal separation of
two critical events: the licensing of
replication and actual initiation
of DNA synthesis [2,3,5]. The order
of these events is largely controlled
by cyclin-dependent kinases
(CDKs). CDK activity is low when
the anaphase-promoting complex
(APC) is active, between late
mitosis and late G1. Within this time
window, several proteins can
assemble on origins to form a ‘pre-
replication complex’ (Figure 1). As
a critical step in pre-replication
complex formation, the licensing
factors CDT-1 and CDC-6 (for
simplicity, C. elegans names,
which include a dash, are also used
here for orthologues in other
species) bind to origins through
association with the origin
recognition complex (ORC). In turn,
the presence of CDT-1 and CDC-6
allows recruitment of a replication
helicase, the MCM2–7 complex,
onto the pre-replication complex
(Figure 1). The localized presence
of MCM helicases licenses the
origin for replication. For initiation
of replication, however, these MCM
helicases need to be activated,which requires other kinases and
additional factors. Local unwinding
of the duplex DNA by the helicase
provides access for DNA
polymerases and allows initiation.
Importantly, pre-replication
complexes disassemble upon
replication initiation and cannot
re-form till after the next anaphase.
Are all licensing components
regulated equally, or are some
more equal? Differences exist at
this level, despite the fact that
various eukaryotes largely use
the same players. CDK
phosphorylation of pre-replication
complex components is critical in
all species and, at least in some,
CDK inactivation can lead to
re-replication [1]. CDK
phosphorylation of CDC-6 triggers
export from the nucleus in
vertebrates [6–8]. But interference
with this process alone does not
cause re-replication. In contrast,
re-replication can be triggered by
mutation of CDT-1 or disruption of
its inhibitory mechanisms
(reviewed in [1]). One of the
negative regulators of CDT-1
is CUL-4, as was first indicated
by a previous study from the
Kipreos group [9]. CUL-4 is the
core-subunit of a class of
‘cullin-based’ or ‘SCF-like’ E3
ubiquitin ligases that target
substrate proteins for
ubiquitination and degradation. In
cul-4 mutants, CDT-1 accumulates
in S phase nuclei, which pointed to
CDT-1 as a potential target of
a CUL-4 E3 ligase [9]. Indeed,
studies in other systems showed
that CUL-4 in association with DNA
damage binding protein 1 (DDB-1)
recognizes CDT-1 as a substrate
[10]. Importantly, the degradation
Dispatch
R631of CDT-1 also depends on
interaction with PCNA, a cofactor
of DNA polymerases [5]. By making
CDT-1 inactivation dependent on
PCNA, CDT-1 destruction is
coupled to local replication.
In their most recent study, Kim
et al. [4] now present part two of the
CUL-4 story, which brings CDC-6
regulation back to the forefront.
As before, this study focuses on
a subset of skin cells (seam cells)
and takes advantage of the
stereotypical pattern of cell
divisions in C. elegans. This
allowed the authors to determine
the timing of S phase and to follow
the localizations of CDT-1 and
CDC-6 throughout the cell cycle in
living animals. Together, the
analyses provide a coherent
picture: CDC-6 accumulates in the
nucleus in G1 phase and is
exported to the cytoplasm during S
phase. As was found for the human
homolog, the amino terminus of
C. elegansCDC-6 contains multiple
nuclear localization signals flanked
by potential CDK phosphorylation
sites. Phosphorylation at these
sites coincides with and
determines nuclear export,
as demonstrated by
phosphospecific-antibody staining
and extensive mutational analysis.
In fact, mutation of all six sites was
needed to retain CDC-6 in the
nucleus. Thus, phosphorylation of
each potential CDK site that flanks
the CDC-6 nuclear localization
signals contributes to nuclear
export during S phase.
Several additional observations
are surprising. First of all, nuclear
export of CDC-6 was blocked
following inactivation of cul-4. How
does a CUL-4 E3 ligase control
nuclear export? CUL-4 inactivation
was recently reported to cause
accumulation of a Cip/Kip family
CDK inhibitor in worms, flies and
human cells [11–13]. Indeed,
inactivation of cki-1 Cip/Kip
rescued the cul-4 re-replication
phenotype and restored
cytoplasmic localization of CDC-6,
while nuclear levels of CDT-1
remained high. Thus, the CUL-4 E3
ligase appears independently to
downregulate CKI-1 and CDT-1,
while the CKI-1 Cip/Kip inhibitor
controls an S phase CDK complex
that drives nuclear export of CDC-6
(Figure 1). Expression of eitherCDT-1
CUL-4
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Figure 1. CUL-4 E3 ubiquitin ligases prevent formation of pre-replication complexes in
S phase.
Licensing of replication origins involves recruitment of the MCM replicative helicase.
Recruitment of MCM complexes requires previous association of the origin recognition
complex (ORC), CDT-1 and CDC-6. After initiation, CDT-1 is targeted for degradation
by the CUL-4/DDB-1 E3 ligase and CDC-6 is phosphorylated by cyclin–CDKs and
exported from the nucleus. Nuclear export is now demonstrated to depend also on
CUL-4. In this process, CUL-4/DDB-1 directly or indirectly targets CKI-1 Cip/Kip for
destruction, which activates cyclin–CDKs that promote nuclear export of CDC-6.constitutively nuclear CDC-6 or
stable CDT-1 was found
insufficient for noticeable
re-replication, while the
combination of both caused early
embryonic death with polyploid
cells. Together this provides strong
evidence that CDC-6 nuclear
export and CDT-1 degradation
provide redundant mechanisms
to restrain re-replication.
These results underscore rather
than contradict observations on
mammalian CDC-6 [6,8]. In both
systems, CDK phosphorylation
controls CDC-6 export. At the same
time, part of endogenous CDC-6
remains detectable in the nucleus
and sole interference with nuclear
export of CDC-6 does not cause
re-replication. These latter
observations have questioned the
functional relevance of nuclear
export of CDC-6. This is now
further clarified: constitutively
nuclear-localized CDC-6, in
contrast to wild-type CDC-6,
triggers re-replication when
combined with stable CDT-1.
Thus, nuclear export likelyinactivates CDC-6 and provides
a redundant mechanism to block
re-replication.
Of course, there are many
remaining questions. Most
obviously, why does the residual
nuclear CDC-6 in S phase not
promote re-replication? What
cyclin–CDK complexes
phosphorylate CDC-6 and which
ones are inhibited by CKI-1
Cip/Kip in S phase? Like CDT-1,
the levels of CKI-1 increase upon
inactivation of CUL-4 and its
partner DDB-1 [13], but is CKI-1
a direct target of the CUL-4/DDB-1
ubiquitin ligase? Finally,
deregulation of CDT-1 alone
triggers re-replication in several
systems but not here, could
C. elegans Geminin act as an
additional CDT-1 inhibitor after all
[14]? The search for the Holy
Licensing Factor was started
almost twenty years ago by Blow
and Laskey [15]. Although the
simple elegance of their model is
not found in C. elegans, evidence
for multiple levels of licensing
control continues to cul-minate.
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Jellyfish Paradox
Studying themechanics of swirling w
evolution of body shape and size in j
Matthew J. McHenry
A jellyfish is generally regarded as
a stinging nuisance that is to be
avoided at all costs on a day at
the beach. Unless, of course, it
has washed up on shore — where it
is as threatening as the jello-mold
that it resembles. Anyone who
has prodded these flaccid remains
with a stick may have wondered:
‘‘how the heck does this thing
swim?’’
This question becomes more
perplexing if one considers jellyfish
anatomy. Their body is shaped like
a thick-walled parachute that is
known as the bell. The wall of the
bell is filled with the extracellular
‘jelly’, enclosed by a tissue layer
that includes muscle, but is only
a single cell thick. As Charles Atlas
demonstrated, the force generated
by a muscle is proportional to
its thickness. Therefore, the
monolayer wrapping of the jellyfish
bell makes them the 97-pound
weaklings of the sea. Recent work
by Dabiri et al. [1] suggests that
these puny muscles have
constrained the evolution of bodydisrupt its nuclear export but still support
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group of animals.
A partial answer to how a jellyfish
swims is provided by a description
of its motion. The bell rapidly
pulses inward and simultaneously
advances forward, then slows as
the bell expands, and then the
cycle repeats. A close inspection
reveals that the pulsations of the
bell squeeze the volume of water
within its cavity. Water is effectively
incompressible and therefore must
be ejected through the bell opening
when it contracts. Given that this
squirting of water coincides with
the body’s forward motion, one
may infer that the contractions are
driving propulsion. This is greatly
informative, but a description of
movement does not allow us to
consider how the weakling
muscles of a jellyfish might limit
their swimming ability.
A full understanding of
swimming comes from studying its
mechanics. The muscles need to
generate enough force to expel the
water from within the bell. The force
of this jetting is equal to the mass
of the water times its acceleration.Dacapo/p27Kip1 and cyclin E
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DOI: 10.1016/j.cub.2007.06.029Therefore, a jellyfish may generate
more thrust by jetting greater mass
which, given the fixed density of
water, is achieved by expelling
a greater volume of water. In order
to increase its acceleration, the
jellyfish may squeeze the bell more
rapidly or reduce the area through
which it passes. The latter strategy
makes use of the law of continuity,
which is commonly understood as
the thumb-over-the-garden-hose
effect. Daniel [2] mathematically
modeled these hydrodynamics in
jellyfish and predicted jetting
forces within the range of what may
be generated by the muscles of
small and prolate (bullet-shaped)
species [3].
However, this consideration of
mechanics raises a paradox. Some
jellyfish species have evolved to
be larger while retaining a puny
monolayer of muscles. Given that
large species have muscles that
are no thicker than those of little
ones, muscular force should be
merely proportional to bell
diameter. This poses a problem
because the jetting model predicts
thrust to scale with diameter to
the fourth power [4]. In other words,
the mechanical demands of
swimming far outpace what the
muscles can produce at larger
sizes. Dabiri et al. [1] predict that
a jellyfish having a diameter that
is two-thirds its height and
that pulses once a second cannot
